Nonenzymatic manganese was first shown to provide protection against superoxide toxicity in vivo in 1981, but the chemical mechanism responsible for this protection subsequently became controversial due to conflicting reports concerning the ability of Mn to catalyze superoxide disproportionation in vitro. In a recent communication, we reported that low concentrations of a simple Mn phosphate salt under physiologically relevant conditions will indeed catalyze superoxide disproportionation in vitro. We report now that two of the four Mn complexes that are expected to be most abundant in vivo, Mn phosphate and Mn carbonate, can catalyze superoxide disproportionation at physiologically relevant concentrations and pH, whereas Mn pyrophosphate and citrate complexes cannot. Additionally, the chemical mechanisms of these reactions have been studied in detail, and the rates of reactions of the catalytic removal of superoxide by Mn phosphate and carbonate have been modeled. Physiologically relevant concentrations of these compounds were found to be sufficient to mimic an effective concentration of enzymatic superoxide dismutase found in vivo. This mechanism provides a likely explanation as to how Mn combats superoxide stress in cellular systems.
Nonenzymatic manganese was first shown to provide protection against superoxide toxicity in vivo in 1981, but the chemical mechanism responsible for this protection subsequently became controversial due to conflicting reports concerning the ability of Mn to catalyze superoxide disproportionation in vitro. In a recent communication, we reported that low concentrations of a simple Mn phosphate salt under physiologically relevant conditions will indeed catalyze superoxide disproportionation in vitro. We report now that two of the four Mn complexes that are expected to be most abundant in vivo, Mn phosphate and Mn carbonate, can catalyze superoxide disproportionation at physiologically relevant concentrations and pH, whereas Mn pyrophosphate and citrate complexes cannot. Additionally, the chemical mechanisms of these reactions have been studied in detail, and the rates of reactions of the catalytic removal of superoxide by Mn phosphate and carbonate have been modeled. Physiologically relevant concentrations of these compounds were found to be sufficient to mimic an effective concentration of enzymatic superoxide dismutase found in vivo. This mechanism provides a likely explanation as to how Mn combats superoxide stress in cellular systems.
pulse radiolysis | oxidative stress T he role of manganese in cells has been of great interest recently, led both by the characterization of the extraordinarily radiation-resistant bacterium Deinococcus radiodurans, which seems to owe some of its remarkable survival in high-radiation fields to high levels of cellular Mn (1) and by the demonstrated ability of Mn ions to rescue mutant yeast cells that have had their superoxide dismutases (SOD) removed (2) .
Nonenzymatic Mn protection against superoxide O 2 − toxicity in vivo was first described in 1981 by Archibald and Fridovich (3) for the lactic acid bacterium Lactobacillus plantarum, which accumulates extremely high Mn levels, has no measurable enzymatic SOD activity, and yet grows normally in air. Similarly, Neisseria gonorrhoeae, which lack the SodA and SodC enzymes that are known to be important in Neisseria meningitidis, survive the challenge of O 2 − produced by the immune system. Mn accumulation has been implicated as protecting the virulent form N. gonorrhoeae from O 2 − , and a highly active catalase protects it from H 2 O 2 (4) .
Dramatic demonstrations of the antioxidant effects of Mn were reported in studies of yeast or bacteria that had been engineered to lack SOD enzymes. The health of these SODdeficient strains, which show many defects and grow poorly in air, were greatly improved by supplementation of the growth medium with Mn(II) ion returning all tested phenotypes to normal levels (2, (5) (6) (7) . The same degree of rescue was observed even if MnSOD, which is localized in the mitochondrial matrix, was also removed (6) . Moreover, recent work by McNaughton et al. (8) has provided direct evidence in whole yeast cells that the concentrations of Mn phosphate complexes correlate with the ability of Mn to protect against superoxide-induced stress.
Mn can also play an antioxidant role in higher organisms, such as the nematode Caenorhabditis elegans. Deleterious effects due to mutations in the electron transport chain that cause higherthan-normal fluxes of reactive oxygen species and effects due to heat-shock stress are alleviated by MnSO 4 supplementation, which also leads to an increase in mean lifetime (9, 10) .
Though the ability of Mn to protect against superoxide toxicity has now been convincingly documented in many different systems (1, 2, 4, 5, 7, 10) , the in vivo chemical form of the Mn-based antioxidants and the chemical reactions responsible for their biological action remain unclear. Elucidating the exact chemical nature of the Mn-containing antioxidant molecules has proven to be particularly challenging due to the labile nature of the Mn(II) ion, which rapidly exchanges its ligands when moved from one environment to another, as occurs when it is isolated from cells. Another challenge has been the absence of a convenient direct assay for SOD activity, leading to reliance on indirect assays that may work well for SOD enzymes but are less effective for low molecular-weight metal ion complexes.
Earlier researchers explored possible mechanisms of the observed in vivo protective properties of Mn using indirect SOD assays (see below), which appeared to demonstrate that some simple Mn(II) complexes are efficient catalysts of superoxide disproportionation (11) . Using those indirect assays, Mn(II) pyrophosphate, lactate, and higher concentrations of phosphate appeared to be particularly effective at superoxide removal (11) . However, subsequent studies using more direct kinetic methods, such as pulse radiolysis, contradicted the earlier findings (12) (13) (14) To understand better the in vivo reactivity of Mn ions with superoxide, we have estimated the relative concentrations of the potential low molecular-weight ligands for Mn ions present in cells and determined, using their relative binding affinities for Mn(II) and Mn(III) ions, that carbonate, citrate, phosphate, and pyrophosphate bind most of the cellular Mn ions not bound to proteins (16, 17) . We then investigated experimentally the reactivity of these major Mn-containing species with O 2 − under two very different conditions that might occur in vivo: O 2 − generated at lower concentrations at a constant flux or generated as a single, high-concentration burst. We report here that manganous carbonate and manganous phosphate, under physiologically relevant conditions of concentration and pH, are each capable of catalytically removing superoxide from solution at rates that are competitive with those of the cellular SOD enzymes, regardless of whether the superoxide is generated at a slow constant flux or in a single high-concentration burst.
Results
What are suitable ligands for catalytic removal of superoxide by Mn? Mn phosphate complexes have been found as the major dialyzable compound from lysates of cells with Mn-related SOD activity (16, 17) . Recent work provides evidence in whole cells directly showing a MnHPO 4 complex; even more tantalizing is that its presence correlates with the ability of Mn to protect against superoxide-induced stress (8) Initially we sought to investigate Mn compounds using the well-established cytochrome c SOD assay in which xanthine oxidase and xanthine in air are used to produce O 2 − (20). In agreement with earlier work, we found that Mn concentration in a phosphate buffer inversely correlated with rate of cytochrome c reduction, which appeared to indicate that Mn was a SOD. Upon further investigation, however, we found that the ratio of reduced cytochrome c to oxidized cytochrome c was correlated with the amount of Mn used in the experiment regardless of whether we started with fully reduced cytochrome c, fully oxidized cytochrome c, or a mixture of the two (Fig. S1 ). These results indicated that cytochrome c could be oxidized by a species created during the experiment that was proportional to available Mn (not H 2 O 2 ), a complication that made this an unsuitable assay for SOD activity of low molecular-weight complexes of Mn.
Rather than study the mechanism behind the anomalous oxidation of cytochrome c, we used a different system that would allow us to simulate the traditional SOD assay without its interferences. We chose 5-(3-carboxymethoxyphenyl)-2-(4,5-dimethylthiazolyl)-3-(4-sulfophenyl) tetrazolium (MTS; structure in Fig. S2A ) as the reporter ligand, which, unlike cytochrome c, is not reversibly oxidized. We generated O 2 − by 60 Co γ-irradiation of oxygenated aqueous solutions containing 0. ; Scheme 1 and Fig. S2 ) compound in a rapid disproportionation reaction (22) . MF forms at a rate proportional to the rate of O 2 − formation, unless the O 2 − is scavenged by another reactant. Thus, the MF formation rate is inversely proportional to the concentration and rate of the competing reactant with superoxide. in this region than at 490 nm (Fig. S2D) . − , and the changes in absorbance of any transients/final products were monitored between 225 and 375 nm as a function of time (21) . This approach allowed for the direct determination of the rate constants and extinction coefficients of the intermediates. Superoxide formed within the first microsecond after the pulse (Fig. 3A , green triangles). The O 2 − disappeared in the presence of Mn(II) phosphate with the concomitant formation of intermediate 1 (Fig. 3A , purple squares). Under these conditions, this reaction occurs from 10 −4 to 10 −3 s. Intermediate 1 disappeared with the concomitant formation attributed to intermediate 2 (Fig. 3A, red circles) .
The changes in absorbance with time, as measured at both 280 and 230 nm, are shown in Fig. 3 B and C, respectively. Notice that at 230 nm (Fig. 3A ) the extinction coefficient of the first intermediate is similar to that of O 2 − , so in Fig. 3C the formation of the first intermediate appears as a very small change in absorbance in the first 2 ms. At 280 nm, the extinction difference between O 2 − and the first intermediate is much greater, so the rate of formation of the first intermediate is much easier to measure accurately. In contrast, the absorbance at 280 nm on the 2-to 20-ms time scale does not change much, whereas the absorbance at 230 changes significantly in the same time scale. Using these data, the absorbance changes with time for both of these processes can be fit to using pseudo-first-order kinetics. On the 50-to 500-ms time scale, the absorbances at both 230 nm and 280 nm disappear by a process that is bimolecular.
For − was released back into the system at low concentrations of Mn(II) (12, 23) . For a Mn(II) complex to act as a SOD, the forward rate must be large with respect to the back rate. Accordingly, the reaction of Mn(II) phosphate, citrate, and carbonate complexes with O 2 − show a lack of a large intercept when a straight line is fitted through the plot of observed rates vs.
[Mn] (Fig. 4) (Fig. S4 ). This effect is most likely due to the need for a minimum amount of phosphate to form the MnHPO 4 complex (8).
The observed rates for k 4 , the reaction whereby a second intermediate is formed, showed a dependence on phosphate concentration (Fig. 5A) . The rates for k 4 increased in a linear manner with increasing phosphate concentration; i.e., phosphate is fit as a first-order reactant. Phosphate concentration below 10 mM was neglected due to the small percentage of MnHPO 4 formed at that low phosphate concentration. We calculated the rate constant for k 4 to be 3. . The MnHPO 4 complex catalyzes superoxide removal through the disproportionation of the MnOO + complex. We studied the effects of phosphate concentration, Mn(II) concentration, and pH on k 5 , the second-order rate of disappearance of the second transient. In Fig. 5B , we demonstrate that at higher concentrations At higher pH, k 5 decreases with an apparent equilibrium point at ∼pH 7.0 (Fig. S4) . Speciation calculations showed that near pH 7 the dominant species is MnHPO 4 (Fig. S3) system was also studied by pulse radiolysis, and the reaction was found to be mechanistically similar to that of MnHPO 4 (Scheme 1), but with significantly different reaction rates. The experimental values for k 3 were relatively independent of carbonate concentration (Fig. S4 ), but the value of k 3 did fluctuate with changing pH (Fig. S4) . Speciation calculations demonstrated that near pH 8, where the complex was studied, MnCO 3 and MnHCO 3 + are the dominant species (Fig. S3) ) was six-fold slower than that for MnHPO 4 (Fig. 5D) . As was the case with phosphate, increased carbonate had a deleterious effect on the second-order rate of decay of the MnO 2 + intermediate. There was also a similar trend with increasing pH. The protons either encouraged the formation of the MnHCO 3 + species over the MnCO 3 species and/or led to an available proton to drive the formation of hydrogen peroxide from O 2 − .
Spectra of the Mn Intermediates 1 and 2. Using pulse radiolysis, intermediates generated from the reactions of O 2 − with Mn(II) citrate, MnHPO 4 , and MnHCO 3 + were found to have similar spectra (Fig. 6A) . The λ max was found near 275 nm with extinction coefficients between 4,000 and 5,000 M −1 ·cm −1 . The spectra are unlike the spectrum for O 2 − (λ max = 245 nm and ε 245 = 2,250 M −1 ·cm −1 ) (24). The spectra of the intermediates formed by reaction 4 (phosphate and carbonate) and the product formed by reaction 2 (citrate) were found to be similar to those of the respective Mn(III) complexes. Pulse radiolysis was used to generate the spectra shown in ·s −1 at pH 7) was used as a standard, and concentrations of MnHPO 4 or MnHCO 3 + were selected so that the amount of O 2 − lost by self-disproportionation was equal to the amount lost self-disproportionation with 1 μM CuZnSOD (Fig. 7A) . We calculated that 1 μM of CuZnSOD is necessary for normal growth (SI Text, S5). Our calculations are similar to those done by Anjem et al. (27) , except that they neglect to take into account that organisms can survive with much less SOD than is normally expressed (28) . A concentration of 91 μM of MnHPO 4 or 25 μM MnHCO 3 + was necessary to mimic 1 μM of CuZnSOD. The small amount of enzymatic SOD removed the O 2 − by quick catalytic cycling (Fig. 7B) . At the chosen concentrations, Mn would quickly remove stoichiometric amounts of O 2 − to form the Mn intermediates. However, after the O 2 − is removed from the system, >99% of the Mn(II) ions would regenerate in <1.5 s. , but under these conditions the Mn systems were also cycling. The rate law derived in SI Text, S2 (which neglects k −3 ), gives similar solutions as the computer modeling (which takes all rates into account).
The steady-state
] under conditions where O 2 − is only removed by uncatalyzed disproportionation is 750 nM (Fig. 7D) 
Discussion
Our interest in these systems was to shed light on the observed Mn rescue of yeast and the radiation resistance that seems to be a function in part of Mn accumulation in bacterial cells. We have been able to provide a mechanism that is consistent with these phenomena and that invokes biologically relevant ligands at biologically relevant concentrations. In the process we are able to corroborate an earlier suggestion that Mn can serve as a SOD (3, 16, 29) . We conclude that Archibald and Fridovich (11) (Fig. S1 ).
The subsequent pulse radiolysis studies missed the catalysis by MnHPO 4 because the experimental conditions used in that study required the use of phosphate concentrations >250 mM due to the presence of high concentrations of the competing ligand formate, which was present in the solutions to scavenge primary radicals (13) . These high concentrations of phosphate would make the intermediates appear to be stable final products on a >10-s time scale.
What gives rise to the difference between the Mn(II) phosphate and carbonate systems, which are catalytic, and the Mn(II) pyrophosphate and citrate systems, which are not? Most likely the Mn (II) citrate and pyrophosphate systems dissociate H 2 O 2 (during reaction 2), but the carbonate and phosphate systems do not. Even though all of the intermediates (reactions 2 and 4) appear spectroscopically similar to Mn(III), excess hydrogen peroxide has little effect on the observed rates of the reactions. That is, free H 2 O 2 does not alter observed k 4 and hence is not a reactant in k −4 . Additionally, speciation results (Fig. S3) (Fig. S4) . A more likely alternative mechanism would be that the first intermediate formed reacts with the second intermediate formed. The anion concentration necessary to produce a 50/50 mixture of the first and second intermediates where the mixed reaction would be the fastest is ∼50 mM (SI Text, S4). Our experiments do not show this trend, but experiments <50 mM may be distorted by incomplete complex formation.
We calculated that the conditions in yeast could allow Mn to serve as a defense from superoxide in vivo. However, for this inorganic Mn SOD system to be active, an organism would require concentrations of anion high enough to ensure proper binding but low enough to inhibit the k 4 reaction. This need for tightly regulated anion concentrations makes this system unwieldy in vivo, and is a possible explanation why enzymatic SOD evolved to be nearly ubiquitous in aerobic organisms.
Currently, MnHPO 4 + seems to be the best prospect as the in vivo source of SOD activity at high Mn concentrations. Although Mn carbonate remains possible, in vivo levels of carbonate can fluctuate depending on growth conditions, whereas phosphate is more tightly regulated because there are multiple enzymes dealing with import and there is a storage system. Mn carbonate also can act as a catalase (19) , yet in vivo Mn has been shown not to be a catalase (27) , possibly indicating that Mn is not bound to carbonate in vivo. Additionally, Daly et al. (17) have implicated Mn phosphate as the likely species protecting proteins from oxidation from radiation in D. radiodurans. Finally, increased in vivo Mn phosphate has been found to correlate with the ability of mutant yeast to survive superoxide stress (8) .
Materials and Methods
To measure the ability of Mn(II) complexes to act as a SOD at low constant superoxide fluxes, O 2 − was generated by 60 Co irradiation of oxygenated 0.5 M ethanol solutions and detected by its reaction with MTS (Molecular Probes). The experiment was detailed previously (15 and 10 min after the irradiation, the absorbance was read at 490 nm or the entire spectrum was recorded on a Cary UV-VIS-NIR spectrophotometer. Each time point represents the average of three separate determinations.
Pulse radiolysis experiments were carried out using a 2-MeV Van de Graff generator at Brookhaven National Laboratory. Solutions were made to the desired pH by titrating with either strong base (NaOH) or strong acid (H 2 SO 4 ).
All solutions contained 0.5 M ethanol and were bubbled with O 2 so that radicals formed by radiolysis would convert to O 2 − (21). (Carbonate solutions were oxygenated before adding concentrated carbonate buffer to inhibit loss of CO 2 .) After the radiolytic pulse, O 2 − and intermediates were monitored spectrophotometrically over time (2 μs to 10 s) using a deuterium lamp (235-400 nm) and a path length of 2 cm. Because the experimental setup allows only one wavelength to be monitored at a time, spectra were determined by performing a separate experiment for each wavelength. PR software, a program designed to record and analyze the pulse radiolysis data, was used to fit data and solve for the observed rate constants and the extinction coefficients. Measurements of rate constants and spectra are within 10% error except where noted. Solutions of Mn(III) with different ligands were made from Mn(III) acetate as follows. Both Mn(III) phosphate and carbonate were made by a modification of published protocols. Five to 10 mg of Mn(III) acetate were mixed into 5 mL of 500 mM buffer (pH 7). The slurry was syringe filtered using a 0.22-μm filter into a quartz cuvette, and the spectrum was immediately determined by a Hewlett Packard model 8452 diode array spectrophotometer. The spectrum was measured shortly after the solution was made because of the tendency for these Mn(III) complexes to disproportionate to Mn(IV) and Mn (II). The concentration of Mn(III) was calculated from extinction coefficients of the same Mn(III) species formed by pulse radiolysis (12, 13) .
Mn(III) citrate was formed by oxidation of Mn(II) citrate. Oxidation was carried out using superoxide formed by 60 Co γ-irradiation of oxygenated 0.5 M ethanol solution. The spectrum of the Mn(III) species was then determined on a Cary UV-Vis-NIR spectrophotometer. The spectrum had the same λ max as previously reported (30) . Kinetic modeling was done using Kintecus software (v3.8). Chemical equilibria were calculated using CHEAQS (http://home.tiscali.nl/cheaqs/) software and binding constants from Table S1 . The equilibria were calculated taking ionic effects into account.
